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REMARKS 

In a final office action, claims 21-34 have been rejected under 35 U.S.C. §103. 
In response. Applicants have added new claims 35-45 and provide the herein remarks. 
Claims 35-45 are currently pending. Reconsideration is respectfiilly requested. 



Support for New Claims 



New claims 35-45 have been added that are directed to a process for preparing a 
reversible gel. Support for new claim 35 can be found in the application, for example, on 
page 12, lines 4-7. Support for new claim 42 can be found in the application, for example, in 
Table I, Example 3 and Example 8. 

Relections Under §103 

Claims 21-26 have been rejected under §103 as being unpatentable over Seppala et al. 
in view of Hovenkamp-Hermelink et al., and Batelaan et al. The Examiner recognizes that 
Seppala does not teach (1) starches firom a plant that has been genetically modified; (2) a 
process wherein the starch is hydrophobized via amidation; and (3) attaching the hydrophobic 
group in the presence of a sxirfactant. The Examiner contends that these deficiencies are 
taught by Hovenkamp et al. and Bathelaan et al. 

In response. Applicants have cancelled claims 21-26 and added new claims 35-45. 
New claims 35-45 are directed to methods of preparing a reversible gel and increasing the 
associate behavior of a starch. 



Seppala et al. merely disclose hydrophobized natural starches containing up to 100% 
amylopectin. Nowhere in Seppala et al. is there any disclosure or suggestion that a 
hydrophobized natural starch containing up to 100% amylopectin (i.e. waxy com) 
could be prepared to form a reversible gel, or have increased associative behavior. 
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Hovenkamp-Hermelink et al. disclose amylose-free starch from mutant potatoes. The 
amylose-free potato mutant of Hovenkamp et al. was isolated after screening 12,000 
minitubers. 

Nowhere in Hovenkamp is there any disclosure or suggestion to prepare a reversible 
gel or increase the associative behavior of a starch using an amylose-free potato mutant.. 
Importantly, there is no disclosure or suggestion that the amylose-free potato mutant of 
Hovenkamp et al. would possess the unexpected properties conceming the ability to form a 
reversible gel, and associative behavior, that Applicants have discovered. 

Batelaan et al. disclose methods for amidation of a material having at least one 
carboxyl-containing polysaccharide (see page 3, line 31 to page 4, line 1). The carboxyl- 
containing polysaccharide includes carboxyl methyl starch. However, nowhere is there any 
disclosure or suggestion to utilize root or tuber starches from modified plants according to the 
present invention in a process for preparing a reversible gel or to increase the associative 
behavior of a starch. 

Furthermore, Batelaan discloses a process only suitable for polysaccharides, which 
posses very distinct properties and behaviors as compared to the amylopectin root or tuber 
starches in the present invention. 

Discussion Of The Striking Differences Among Starches Of Different Botanical Origin 

Attached are copies of three documents that support Applicants' position that various 
starches having up to 100% amylopectin do not share similar properties and/or behaviors. 



Frederiksson et al., Carbohydrate Polvmers , 45 (1998), 119-134 disclose a 
comparison of a number of properties of wheat, rye, barley, waxy barley (having close to 
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100% amylopectin), high amylose barley, waxy maize, potato, amylopectin potato and pea 
starch. 

With regards to the following properties, significant differences are reported: granule 
diameter, lipid content, crystallinity, phosphate content and chain length distribution. Of 
particular interest is the difference in chain length distribution. Amylopectin potato starch 
(APS) (which is a root or tuber starch as claimed in the present invention), has the highest 
fraction of long amylopectin unit-chains (35% compared to 24% in waxy maize and 21% in 
waxy barley starch). 

Frederiksson et al. teach that having a high fraction of long amylopectin unit-chains is 
important for amylopectin retrogradation. The uniqueness of amylopectin potato starch 
(APS) is nicely depicted in figure 8a of the article in which the cereal starches are separated 
from the tuber starches and the amylose containing starches are separated from the 
amylopectin containing starches. APS has a unique position, leading to specific and 
unexpected advantages. 

Li Yoo et al.. Carbohydrate Polymers , 49 (2002), 307-314, a comparison is described 
of amylopectin from 23 different soxirces in terms of molecular weight, gyration radius and 
density. From this study it is apparent that amylopectin from waxy maize has four times 
higher molecular weight, slightly higher gyration radius and consequently more than three 
times higher density of the amylopectin molecule than amylopectin potato starch. 

Jane et al. J. Appl. Glycoscience , 50 (2003), 167-172, discuss various aspects of 
amylopectin and its granule structure based on an overview of relevant literature. The 
difference in branch structures between A-(cereal) and B-(tuber) crystalline starches are 
summarized on pages 167-168 and in figure 1. The structural differences between the cereal 
and tuber starches leads to different behaviors in the Naegeli (partial acid) hydrolysis process. 



Application No.: 09/869,410 Response to Office Action dated October 10, 2003 

Filing Date: June 25, 2001 
Docket No.: 294-103 PCT/US 

Page 8 

Jane et al. also rephrase the molecular weight and density differences already disclosed by 
Yoo et al. and attempt to link these to different botanical origins of the starches. 

In sum, it is Applicants position, which is supported by the above documents, that the 
behavior of starches of different botanical sources and having different amylopectin contents 
is unpredictable. 

Therefore, although the Examiner contends that the attachment of a hydrophobic 
group to a starch in general is knovra, one cannot predict what kind of rheological behavior 
the product would show, or which reagents would provide the most beneficial product. 
Hence, it would not have been obvious to one of ordinary skill to use a root or tuber starch 
having an amylopectin content of at least 95 %wt. in the claimed processes. 

The examples of the application illustrate highly unexpected and beneficial 
rheological properties of the hydrophobic root or tuber starches of the present invention. To 
the person skilled in the art there was no reasonable expectation of success in achieving such 
properties starting fi-om Seppala, not even if supplemented by Hovenkamp and/or Bathelaan, 
or any other cited references. 

In order establish a prima facie case of obviousness, one of the criteria to be met is 
that there must be some suggestion or motivation, either in the references themselves or in the 
knowledge generally available to one of ordinary skill in the art, to combine the teachings of 
the references 

Nowhere in Seppala et al. or Batelaan et al. is there any disclosure or suggestion to 
replace the natural starch of Seppala et al., or the polysaccharide of Batelaan et al., with root 
or tuber starches having at least 95 of amylopectin in a process for preparing a 
reversible gel or to increase the associative behavior of a starch product. 
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Applicants herein have put forth evidence to support the idea that natural starches and 
polysaccharides do not have similar properties as root or tuber starches having at least 95 
wt.% of amylopectin. Therefore, they are not interchangeable. 

Since root or tuber starches having at least 95 wt.% of amylopectin and 
polysaccharides, such as natural starches, do not have similar properties, it would not have 
been obvious to replace the natural starches of Seppala et al. or to replace the polysaccharide 
of Batelaan et al. with root or tuber starches having at least 95 wt.% of amylopectin. 

Accordingly, Applicants respectfully request that the Examiner reconsider and 
withdraw the rejections of claims 21-26 imder § 103(a). 

Claim 27 (a hydrophobized amylopectin starch product) has been rejected under 35 
U.S.C. § 103(a) as being unpatentable over Seppala et al, in view of Hovenkamp-Hermelink 
et al. 

As mentioned above, Applicants have cancelled claims 21-34 and added new claims 
35-45. New claims 35-45 are directed to methods of preparing a reversible gel and increasing 
the associate behavior of a starch. Thus, the rejection has been rendered moot. 



Claim 28 (a method for thickening a starch) has been rejected under 35 U.S.C. 
§ 103(a) as being unpatentable over Seppala et al. in view of Hovenkamp-Hermehnk et al and 
Bathelaan et al. 



In response, claim 28 has been cancelled. Thus, the rejection has been rendered moot. 
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Claims 29-34 have been rejected under § 103(a) as being unpatentable over the 
combination of Seppala et al., Hovenkamp-Hermelink et al. and Bathelaan et al., as applied to 
claims 21-28, and further in view of U.S. Patent No. 5,563,251 to Lachocki and U.S. Patent 
No. 5,977,348 to Harris. Applicants respectfully disagree. 

Claims 29-34 differ from claims 21-28 in that the hydrophobization is limited to 
etherification and esterification, wherein the reagent comprises a halide, halohydrin, epoxide, 
glycidyl or quartemary ammonium. 

hi response. Applicants have cancelled claims 29-34 and added new claims 35-45 
which are directed to a process for preparing a reversible gel and for increasing the 
associative behavior of a starch product. 

hi view of the foregoing amendments and remarks, applicants respectfully submit that 
the application is now in condition for allowance and is eamestly requested. If the Examiner 
believes that a discussion with Applicants' representative would be of assistance, he is invited 
to contact the undersigned. 



Respectfiilly submitted. 




ren T. Emr 
Registration No.: 46,139 
Attomey for Applicant(s) 

HOFFMANN & BARON, LLP 
6900 Jericho Tumpike 
Syosset, New York 11791 
(516) 822-3550 
LTE:jlw 
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The influence of amylose and amylopectin 
characteristics on gelatinization and 
retrogradation properties of different starches 



H. Fredrlksson"'*, J- SUverio'', R. Andersson^, A.-C. Eli«sson^ and P. Aman*^ 

^Department of Food Science. Swedish University of AgricHliurat Sciences, P.O. Box 705 f, S-7S0 07 Uppsala, Swe^ien 
^Department of Food Technology. Lund University. F.O. Box 124, 5-221 00 Lund. Sweden 

(Received 3 October 1997; accepted I December 1997) 



Physico-chemical propenies of siarch from wheat, rye. barley (wnxy, hish-amylosc 
and normal-amylosc), waxy maize, pea and potato (nonnal-amylosc and high- 
omylopectin) were studied. Emphasis was b»vcii lo the amylase (lomK apparoat and 
lipid-complexcd) and amylopectin charactcrisucs as well as to the gelatinization and 
retrogradation ptopcnies measured using differential scanning calorimciry. The total 
amylose conifint varied from ca. |% for waxy maize to 37% for high-amy!osc barley. 
The amylopeciin characteristics were determined by high-pcrTormance size-exclusion 
chtomatoerapny after dcbranchine v^ith iaoamylase. The weigh i-Bverae** degree of 
polymerization (fiPw) was 26» 33 and 27 for the B-, and C-typc starches, 
riispcciively. In general, the potato starches exhibited the highest retrogradation 
enthalpies and the cereal starches the lowest, while the pea starch showed an 
intermediate rctrogrodaiion enthalpy. The data were analysed by principal component 
analysis (PCA). The 5Pw showed positive correlation to the melting interval, the peak 
minimum, the offset temperatures of the retrogradation-related endotheim as well as 
to the gcjaiinization and retrogradation enthalpies. However, the high-amylose barley 
rBtrogradcd lo a greater extent than the other cereal starches, despite low DP», (24). 
The amylose content was negatively correlated to the onset and ihe peak minimum 
tomperanires of eelaiinizaiion. I99B Elsevier Science Lid. All rights reserved. 



INTRODUCTION 



Starch often contributes to the characteristic properties of 
foods, and is also added as a functional ingredient in tnany 
products. The demartd for fnnctionalicy may vary for differ- 
ent products aruJ, in order to fulfil this demand, chemical 
modification of the starch is often needed- The botanical 
source is of great importance for the chemical and func- 
tional propenies of a starch, but only in a few studies 
have starches originating from different search-rich crops 
been compared using the same experimental methods 
(Orford et al., 1987; Kalichevsky et al., 1990; Shi and 
Scib, 1992; Ward ci aL, 1994). The relations between 
chemical composition and functional properties are there- 
fore still, to a great degree, unknown. 



*To whom coo'espondcnce should be hddrcs,sed. 



The physical properties of starch are influenced by the 
atnylose/amylopectin ratio. During gelatiniiation. the starch 
granules swell and form gel panicles. In general, the swol- 
len granules are enriched in amylopectin, while the linear 
amylose diffuses out of the swollen granules and makes up 
the continuous phase outside the granules (Hemiansson and 
Svegmark, 1996). Waxy starches usually swell to a greater 
extent than their normol-amylose counterparts (Tester and 
Morrison. 1990a), and amylose is proposed to act as a 
restraint to swelling (Hermansson and Svegmark, 1996). 
Internal lipids in native cereal starches have been shown 
to have effects on the swelling and gelatinization properties 
of the granules (Morrison, 1995). The term reuogradation is 
used to describe the changes that occur upon cooling and 
storage of gelatinized starch- Short-term development of 
crystalliniiy in starch gels Is attributed to the gelation and 
crystallization of the amylose fraction (Miles et al., 1985; 
Sieven and Wiirsch. 1993). Retrograded amylose or rcsis- 
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Tabl« ]« The dirTercnl starch samples used, their X-ray diflrBCtion paUern iX, B or C) and other characierlsUcs 



Starch lypc X-ray dirfrqciion ppucm QiarBcicrisiics 
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Smooch yellow pee 



"Kbu and van Icallie (1930) 

*^be1 (1988) 
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lanr starch type III (Englysi et al., 1992) js a physiologically 
imponant indigestible starch fraction. This fraction is heat 
stable and melts above \2Q°C (Sievert and Pomeraoz, 1989). 
The long-term changes that occur during storage of starch 
gels have been attributed to the amylopectin fraction 
(Eliasson. 1985). The retrogradation behaviour of amylo- 
pectin has been related to the starch source (Orford et al., 
1987; Kalichevsky et al-, 1990; Shi and Seib. 1992; 
Ward el al., 1994) and concentration (Orford et aU, 1987; 
SJade and Levine, 19B7). Other faciors, such as the 
storage temperature (Slade and Levine, 1987; Eliasson 
and Ljunger, 1988), amylopectin structure and other com- 
ponents present, are also of importance. Lipids (Eliasson 
and Gudmundsson, 1996) and short amylopectin unit- 
chains with degree of polymerization (DP) 6-9 (Shi and 
Seib. 1992) have been shown to inhibit retrogradation. In 
high-amylose starches, ihe amylose fraction has been sug- 
gested to have synergetic effects on the amylopectin retro- 
gradacion (Russell 1987). 

The botanical source of the starch will thus have an 
impact on the physico-chemical properties of starch. This 
influence might be attributed to the granule size distribution, 
to the crystallinity (degree andyor polymorphic form), to the 
organisation of the molecules within the granule or to the 
chemical nature of the starch polymers. The present inves- 
tigation was undertaken in order to study in more detail 
the relation between physico-chemical propenies of starch 
and the chemical nature of its constituents. Therefore, 10 
different starches, representing all the polymorhpic fonns 
(A, B and C), were chosen to cover a broad range of 
chemical and thermal characteristics. The starch granule 
size distribution was measured and, in the chemical analy- 
sis, emphasis was given to the amylose content and the 
amylopectin characteristics. The physico-chemical proper- 
ties studied were gelatinization and reirogradailon 
measured using differential scanning calorimetry (DSC). 
The gelatinization was studied at limited water content, 
and the retrogradation was studied under conditions lo 
ensure extensive retrogradation (storage at 6°C). The 
results were evaluated by principal component analysis 
(PCA). 



MATERIALS AND METHODS 

Six cereal starches, three potato starches and one pea starch 
were used in this study, as outlined in Table I. The pea and 
the cereal samples, except for the waxy maize, were 
obtained from Svalof-Weibyll AB (Landskrona, Sweden), 
and the starch was isolated according to Meredith et al. 
(1978). The three barleys were pearled prior to starch 
isolation in a Strong-Scon Seedburo Mill. The waxy 
maize starch and the three potato starches were supplied 
by Lyckeby-Starkelsen (Kristianstad, Sweden). 

Chemical characterization 

The starch content was determined enzymaticaJly according 
to Aman et al. (1994), and the dry matter by oven drying at 
lOS'^C for 16 h. The size distribution of the starch granules 
was determined using a Coulter Counter with a 100-channeI 
analyser (Morrison and Scott. 1986), The channel diameters 
ranged from 1.98 to 60.74 fim and were converted to a linear 
size scale. Smoothing was applied on the distribution pro- 
files using cubic spUne interpolation, and the volumes cal- 
culated assuming spherical granules. The X-ray diffiraction 
patterns of the pea and high-amylopeciin potato starches 
were deiermined according to Svensson and Eliasson 
(1995). The total and apparent amylose contents were ana- 
lysed by iodine staining (Morrison and Laignelei, 1983). 
The Hpid-complexed amylose (LAM) content was calcu- 
lated as the difference between the total and the apparent 
amylose (FAM) contents. For the three barley starches, the 
amylose content was calculated by the equation suggested 
by Tester and Morrison (1992)- The amylase content was 
also determined by gel permeation chromatography (GPC). 
The samples (L5 mg ml"') were prepared essentially as 
^flescribed by Tomeport et al. (1990). For debranchine, how- 
ever, 5 >il Isoamylase from Pseudomonas amyloderamo^a 
(EC 3.2.1.68, 7lOOOUmg'* protein, obtained from 
Hyashibara, Biochemical Labs, Inc., Okayama, Japan) was 
used, and. the enzyme was inactivated in a boiling water- 
bath 'ifo'r 5 min. The samples were injected on a Sepharose 
CL 6B column (1.6 X 70 cm) using 0.25 M KOH as eluent 
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jl a flow rate of 13 ml h"'- Two-ml fraciions were collected, 
4nd ihc elution proftlfr was detected by ihe phenol-sfjlpbaric 
acid method of Dubois et al. (1956). The amylfise* consist- 
ing of the long-cbain a-l,4-glucans after debranching of ihe 
^arch, comprised the first fraction eluted, including the void 
peak and the intermediate material between the amylose and 
ihe amylopfictin unit-chains. 

For characterization of the chain length distribution of the 
omylopectin, the starch was dissolved in 0.1 M NaOH. The 
omylopectin was isolated by GPC (Lloyd et al.» 1996) and 
I'reeie-dried, prior to debranching by isoamylase and farther 
analysis by high-performaTice size-exclusion chromatogra- 
phy (HPSEC). Amylopectin unit-chain fractions with 
Oefined average DP were used for calibration of the 
HPSEC sysiem (Fredriksson ei al, 1997). This calibration 
wds also used for calculation of the weight average DP 
iPP^)- The distribution profiles of ihe amylopectin unit- 
chains were divided into four pans, defining sub-fractions 
(P1-F4) with decreasing chain lengths. The limits between 
ihc different sub-fractions were determined by the inflection 
points at DP 82,3 (F1/F2) and DP 17.8 (F3/F4) and the 
minimum at DP 37.4 (F2/F3), estimated from the first- 
Jerivative curve of an average chromatogram calculated 
from the 10 amylopectins examined. All the chemical 
analyses, except the determination of the starch granule 
size distribution* were performed in duplicates at the least- 

. DSC measurements 

The thermal transitions of starch were examined with a 
Perkin-Elmer DSC 2c (starch from wheat, rye, barley, 
potato Desiree and pea) or with a DSC 6200 from SeiJ^ 
Instruments Inc. (starch from waxy maize, high-amylopecdn 
potato and potato Prevalent), Coated sample pans of 
aluminium from TA Instruments were used with an empty 
sample container as reference. Starch (5- 10 mg) was trans- 
ferred into weighed sarnple containers, and the appropriate 
amount of water was added. The sample containers were 
then sealed and reweighed. The samples were allowed to 
equilibrate for at least 2 h before d,s.c. analysis xo attain an 
even distribution of water. The exact water content of each 
sample was determined by drying the punctured container in 
an oven at I05°C for 24 h after the DSC scan. The starch: 
water ratio for all samples smdied was approximately Ul 
(0.49-0,53). In the starch gelatinization studies, each 
sample was examined by DSC after the equilibration 
period. In the starch retrogradation snidies, die sample con- 
tainers were heated in an oven for 15 min at 105°C and then 
stored at 6**C for 2 or 4 days before DSC analysis. All the 
samples were analysed at 17-127'*C, with a heating rate of 
lO^Cmin-'. 

Each DSC endotherm of gelatinization was characterized 
by the onset temperature (To.gei). the temperature at peak 
minimum {Tf^^t^y the offset temperature (Tf,gc(), the melting 
interval (Ar^,, ^ Tf^, - T^^) and the melting enthalpy 
^-^wi)- The DSC endotherms related to Jitdrch retrograda- 
tion were evaluated by determining the onset temperature of 



melting of recrystalUzed amylopectin (Tq^ or Tq^), the tem- 
perature at peak minimum (7^,2 en* the offset tempera- 
ture (Tf2 or Tu), the interval of melting (ATj = - To,2 
and AT4 = - 7q,4) and the melting enthalpy (AJ-Ij or 
A//4). The dissociation of the amylose-Iipid complex was 
assessed by determining the peak minimum temperature of 
melting of the complex (Tex) ^nd the melting enthalpy 
(^cx) of the complex. Except for A//ci. the enthalpy values 
were calculated on an amylopectin basis, using the amylo- 
pectin contents obtained by the GPC proccdute, and all 
enthalpies were expressed on a dry matter basis. All DSC 
results are the means of three measurements. The measured 
enthalpies and transition temperatures were generally within 
5% of the given values. 

Statistical analysis 

The variations observed in the chemical and physical prop- 
eaies of the 10 different starches were examined by princi- 
pal component analysis (PCA) with the computer software 
siRius (Pattern Tlec System A/S, N-5015, Bergen, Norway). 
To detennine the significance of rhe principal components 
(PC), the procedure of cross-validation was used (Wold, 
1978). 



RESULTS AND DISCUSSION 

Origin of samples and starch granule distribution 

Ten starches of different botarucol origin were chosen to 
cover a broad variation of chemical and thermal character- 
istics. The studied material included commonly grown 
staich-rich- crops, such as wheat, rye, barley, waxy maize, 
pea and potato, as well as different genotypes from conven- 
tional breeding programs (high-amylose and waxy barley) 
and genetically modified starch (higb-amylopectin potato). 

The starch content (glucose residues) was high in all 
samples and ranged from 92,9 to 96.6% of dry matter. 
Wheat, barley and rye staitshes have a bimodal granule dis- 
tribution (Karlsson et aU. 1983; Unebacic, 1984). with larger 
lens-shaped A-granules and smaller spherical B-granuUs 
(Fig. lo). The starch isolation was carried out with the 
aim of mimicking commercial conditions, which resulted 
in some losses of material. Small starch granules tend to 
associate with the protein fraction and may be lost during 
the isolation procedure (McDonald and Stark. 1988). and 
the results also indicated such losses for the cereal starches, 
especially for the three barley starches (Oscarsson et al., 
1997), The rye starch differed from the wheat starch through 
the broader distribution profile and the larger diameter of the 
A-granules, The starch granules of normal- amylose and 
waxy barley had similar disnibuiion profiles, both with 
only traces of the B-granule fraction, and with slighUy smal- 
ler A-granules than the wheat starch. The high-amylose 
barley had smaller A-granules than the other two barleys 
which was in agreement with the findings of Oscarsson et al. 
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Fig. 1. Granule &m distribuiion of starches from {a) wheal, rye and barley, ib) waxy niaizc, poiaio and pea 



(1997). Waxy maize, potato (Lineback, 1984; Snyder, 1984) 
and pea starches (Eliasson. 1988) have moaomodal starch 
granule distributions (Fig. 1&). In waxy maiae, the peak 
maximum of the starch eranule distribution profile appeared 
between those shown by normal- and high-amylose barley. 
The size of the pea starch granules was sinular to that of the 
A-granuIes in rye starch, but the distribution profile was 
narrower. The starches from potato culcivars' Desiree and 
Prevalent had the broadest starch granule distribution and 
(he largest granules of the starches studied. The starch gran- 
ule distribution of the high- amy 1 ope ctin potato starch could 



not be analysed, since the instrament was blocked by 
aggregating or possibly cold swelling granules. 

Amylose content 

^fVhen determined by iodine staining, the total amylose con- 
tent was at a similar level (25.0-27.4%) in the wheat, rye 
and normal-amylose barley starches (Table 2). The LAM 
content was close to 5% in both the wheat and normal- 
amyloiae barley starches but lower in the rye starch. There 
was a linear relationship between the total amylose and 
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Toble 2. Amylose contents of the starch samples, as detennlned by iodine staininE (% ot dry inatter) and GPC (% of sugar 
Sum), aTwell as eelatinizatlon eothalpte (J B-ldry 'tgrch) and temperatures CC) of the amylosehp.d complex 
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LAM contents for the iliree barleys. One interesting char- 
ttcjerisiic of the waxy barley seems to be a high proportion 
of LAM in relation to the total amylose (Morrison. 1995). 
The amylose content of starch from potato Prevalent 
(24,6%) was significantly lower than that of starch 
from potato Desiree (27.3*3fc). The negative LAM values ^ 
obtained for Prevalent. Pesiree and for pea were probably 
due 10 the uncertainty of the method. This may become 
more pronounced in samples with little or no native starch 
lipids. The amylose contents reported in this study were 
similar to those obtained previously using the same metho-- 
dology (Morrison and Laignelet. 1983; Morrison ec al.. 
1984; Doublier, 1987; Radosta et aL. 1991)- 

The total amylose contents determined by GPC were 
comparable with those obtained by the iodine stainine 
(Table 2). The main differences may be explained by vana^ 
lions in the amylopectin or amylose structure. The amylose 
contents obtained by GPC for the potato starches were prob- 
ably more accurate than those obtained by iodine staining. 
In general, potato starch has longer amylopectin unit-chains 
than, e.g, cereal and pea starches (Kalichevsky ei al,. 1990). 
Therefore, the potato amylopectin may have contributed to 
the iodine staining to a larger extent than the other starches 
studied, resulting in somewhat overestimated amylose 
contents. 

In high-amylose rice and maize, atypical starch matenals 
have been detected (Asaoka et al., 1986; Inouchi el al,. 
1987). Therefore* the possibility of finding anomalous 
types of starch has been discussed also for high-amylose 
barley. In this study, the QPC analyses of normal- and 
high-amylose barley resulted in almost identical cumu- 
lative curves, when including the void peak and the 
intennediate material preceding the amylopectin unit- 
chains in the amylose fraction. This result showed that 
the intermediate material constituted the same proportion 
of the amylose in both samples. This observation is also 
in agreement with previous findings reported by Tester 
et al. (1991). 



Characterization of amylopectin 

The distribotiotj of the amylopectin unit-chains generally 
appears to be genetically controUed and characteristic of a 
species (Hizukuri, 1985; Kalichevsky et al., 1990). How- 
ever, some genotypes with a somewhat different amylopec- 
tin structure do exist, for example, high-amylose genotypes 
of maize and rice (Hizukuri, 1985; Asaoka et al., 1986; 
Inouchi et al., 1987). Smaller variations observed in wheat 
and barley amylopectin have been assigned to the growing 
temperature (Tester ei al., 1991; Shi et al„ 1994). The amy- 
lopectin chain distribution profiles for the 10 starches were 
examined by HPSEC. after debranching with isoamylase. 
All the cereal starches showed a polymodal distribution, 
with local peak maxima or shoulders at DP 11-12, 18-19 
and 46-48 (Fig, 2). The amylopectins from potato Desirce 
and Prevalent aUo exhibited a polymodal distribution 
profile with peak maxima or shoulders at DP 13, 17. 50 
arid 79'-80, whereas the profile for the high-amylopectin 
potato was slightly different, with peak maxima at 15. 18. 
52 and 82, The amylopectin profile for pea was similar to 
that of the waxy maiie with DP maxima of 14 and 47-49 
and a shoulder at DP 19-20. Of the cereal amylopectins 
studied, that of the high-amylose barley had the lowest 
BPw value (24.0) (Table 3), whereas the waxy maize amy- 
lopectin had the highest (28,0). The BPw value for the pea 
amylopectin was 26.6. The overall highest values were 
obtained for the three potato amylopectins (31.4-34.8). 
These DP^ values were In the same range as those found 
in previous studies. Hizukuri (I9B5) investigated the 
relationship between the chain profiles of amylopectin and 
the crystalline structure of starch granules for 20 samples, 
including wheat, waxy maize and potato. The A-type amy- 
lopectins had DP^ of 26 (23-29). the B-iype amylopectins 
36 (30-44) and the C-type amylopectins around 28. Similar 
results were reponed for barley (MacGregor and Fincher. 
1993), wheat and potato (Hizukuri, 1986). Some smaller 
deviations between results from different studies may, at 
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Fig. 2. Amylopectin unii-cbain icngih distribuiion after debranching of the 10 starches. Arrows indicate PP ai local peak maximum 
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Jeast in part, be of experimental character due to differences 
in the meihods used but may also be of genetic or environ- 
mental origin. 

The amylopectin chain length distribution profiles of the 
wheat, rye, normal-amylosc barley atid waxy barley were all 
very similar, with a relative chain length disiribution 
between 20.1 and 21.3% for fractions FH- P2 and between 
78.7 and 79.8% for fractions F3 -f F4* respectively (Table 3). 
The amylopectin from high-amylose barley contained a 
considerably lower proportion of fractions Fl + F2 than 
any of the other samples analysed. This is in line with the 
results by Tester et al. (1991), that also indicated smaller 
proponions of long amylopectin chains in higb-amylose 
barley than in normal and waxy barley. Salomonsson and 



Sundberg (1994), on the other hand, obtained a higher 
proportion of certain longer amylopectin unit-chains (DP 
30-49) in the high-amylose barley than in the normal- 
amylose and waxy barley. These results imply that the 
amylopectin fraction of high-amylose barleys to some 
extent may differ in structure. The three potato amylopec- 
tins had the largest proportions of fractions Fl + F2 contain- 
ing, long amylopectin unit-chains, but the proportion was 
slightly smaller in potato Prevalent than in potato Desiree 
and the high-amylopecun potato. However, this result indi- 
cates that the am.ylopectin structure is siniilar in all three 
potato starches, llie amylopectin distribution profiles of the 
waxy^Wiaize and pea were intermediate between those of the 
aforementioned starches. Hizukuri (1986) observed a 
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Y hie 3 Amylopeclln conlent of the jsolfited starch samples, determined by GPC (% of tJry motter), relative distrihution of 
J^yiopectin uftit-chains (%) and weight-average degrpc of poiymeraation (Dp^) of debr^nched amylopcctins 
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polymodal amylopcctin distribution profile having five 
peaks; A, Bl. B2, B3 and B4 and suggested that these 
populations may be involved m the formation of up to 
four different clusters. Tn ihe present srudy, fraciion Fl 
□pproximaiejy corresponds to peaks B3 and B4, Fl to B2» 
F3 10 B 1 and F4 to A, However, since this type of analysis is 
hased on decomposition of the amylopectin molecule it is 
hard to rcconsiruct the actual structure. Even though the 
ilistribution profiles were more or less identical for several 
of the starches snjdied. the appearance of the intact amylo- 
>pdctin molecules may still differ. 

Starch gelatinization 

The gelatinization of the various starches was studied by 
DSC at a water content of approxijpaately 50%. Due to the 
limiied water content, the typical broadening on the high- 
lemperature side of the gelatinization endotherm was evi- 
dent for all the samples studied (Eliasson* 1980) (Fig: 3)- 
However, the position and appearance of this broadening 
varied and, consequently, affected the temperature range 
of gelatinization. The separation between this high- 
temperaniTB shoulder and the firet part of the endotherm 
was most apparent for the pea starch, whereas for the 
three potato starches, the separation was poor. 

The gelatinization enthalpy (A//,ci) is a measure of the 
overall crystallinity of the amylopectin. i.e. the quality and 
quantity of starch crystals (Tester and Morrison, l9Q0b), 
Pure crystalline A-spberulitcs exhibit a melting enthalpy 
of approximately 35 J g~'. which is very similar to the melt- 
ing enthalpy for pure crystalline B-spherul5tes (Whittam et 
al.. 1990). For native starches, the molecular order in form 
of double helices is significantly higher than the crystalline 
order (Gidley, l985y In cereal starches and tapioca, but not 
in potato starch, both levels of structure, i.e. double-helical 
and crystalline, are disrupted concurrently during gelatiniz- 
ation, and it has been suggested that AW^i primarily rfiflecis 
the loss of double-helical order (Cooke and Gidley. 1992). 
The amount of double-helical order in the native starches 
\ should be strongly correlated to the amylopectin content, 



and the crystallinity in the granules increases widi the amy- 
lopectin content (Gemat et al., 1993). Therefore, all Ai/^d 
values in this study were calculated on an amylopectin basis. 
These values of were between 15.6 and 23.9 J g"* 

amylopectin (Table 4). The highest values were obtained 
for potato culiivars Prevalent and Desiree, the lowest for 
the cereals, while pea and high-amylopectin potato 
showed intermediate values. Although ihe enthalpy values 
for pure A- and B-sphcrulites are nearly the same, it seemed 
that, even when calculated on an amylopectin basis, the 
values for the cereal starches were considerably 
lower than those for the potato and pea starches- 

The minor differences between wheat and potato starches 
in the data of Cooke and Gidley (1992). represonting 
double-helical order, appear to be insufficient lo explain 
the large differences between the A//jbi values found in 
the present study. 

During the gelatinization, part of the free lipids present in 
the cereal starches will probably form a helical inclusion 
complex with the amylase molecules. This complex forma- 
tion is an exothermic process and will result in a decrease in 
the observed endothermic gelatinizaUbn' enthalpy (Eliasson, 
1986). This may be one reason why the AH^) values for the 
pea and potato starches (which do not contain any native 
lipids) are higher than those for the lipid-containing cereal 
starches. However, it does not explain why the AWgci values 
were higher for wheat than for normal-amylose barley, 
despite the similar contents of LAM and FAM in these 
two cereals. 

In starch, a biopolymer of panially crystalline nature, the 
melting of the crystallites cannot start before the glass 
transition of the glassy regions is exceeded. The second- 
order glass to rubber transition is accompanied by an . 
incremental change in heai capacity (Cp), preceding the 
gelatinization endotherm during a d.s.c. scan. For rice 
starch. Biliaderis et al. (1986) estimated Cp for this glass 
transition to be 0. 11 ± 0,01 J/gK- During the estimation of 
the AHg^ values for the 10 starches in the present study, no 
consideration has been taken to any possible glass transition 
related to the melting endotherms, i.e. ^pei was calculated 
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by escitnation of the area under the endotherm with a fitted 
straight base line. 

The gclatinization always takes place over a temperature 
interval i^T^\^, which in excess water may be 1-2®C for a 
single granule, and for the whole population of granules the 
interval may be > JO^C (Eliasson and GudmundsBon, 1996). 
At intermediate or high water content, the onset {T^ and 
peak nfummom temperatures (7"m) are independent of the 

Table 4. Enthalpy of g^btlnizatlan (A^td) and retrogradHlLon 
related enthalpies of the starch samples after storage for 2 
(Affj) and 4 days «t ^'C (J e~' amylopectin) 
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water content, whereas the offset temperature (^r) is much 
influenced by the water available during gelatimzaijon 
(Eliasson, 1980). In the present investigation, the highest 
,Tq^] values, 59,6-64.4°C. were obtained for the high- 
amyJopeciin varieties of both A- and B-type starch 
(Fig, 4). This was consistent with the hypothesis that crys- 
tallinity increases with amylopectin content (Gemai et al., 
1993). Starch from potato Oesiree also showed a relatively 
high T'q.gei value. Starches from potato Prevalent. normaU 
amylose barley and high-amylose barley exhibited an inter- 
mediate ro.jeti while the lowest T^^^^i was recorded for the 
pea, rye, and wheat starches. Shi and Seib (1992) investi- 
gated starches of the A-type from four waxy cereals, viz. 
maizCr barley and two different rice samples, and found that 
the gelaiinization temperatures (onset, peak and offset) m 
75 wt.% water increased in the same order as their X-ray 
crysiallinity. In their study, Tq,^^] for the maize and barley 
.^was 67.0 and 58.0°C, respectively, which roughly seems to 
*be in line with the results in the present study. They 
concluded that the molecular structure of the microcrysial- 
line region is ihe same in the four granular starches, and that 
the^ melting temperature of the crystallites in these native 
waxy 'Starches is controlled indirectly by the surrounding 
amorphous regions. By contrast, an investigation of maize 
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siaxches wiih varying amylose content (0-66.1%) indicated 
thai gelatinizacion temperatures increased with increasing 
amounts of amylose (Knutson, 1990). A study of 11 differ- 
eni waxy rice starches with varying gelatin ization properties 
showed thai starches with low gelatin! zaiion temperatures 
had more amorphoiis and less crystalline material compared 
to starches with high geJatinization temperatures CTesier and 
Morrison, 1990b). Their explanation to this phenomenon 
was that ciystallite perfection could be the principal 
mechanism controlling the ge latin ization temperatures, 
Other factors, such as the amount of damaged starch, isola- 
tion techniques (Morrison, 1995) and variation in climatic 
conditions during growth (Shi et al., 1994; Tester et al. 
1991), also influence these temperatures. 

The pea starch exhibited the largest AT^y (46.9*C) and 
the three potato starches the smallest (22.1-24.6''Q. No 
correlations were found between the granule size distribu- 
tion and d,s,c, parameters, such as To^i, T'm.Beii ATgd and 

Slarch retrogradation 

The features of the retrogradation endoiherms were very 
similar after 2 and 4 days of storage at 6"C. except that 
the areas of the DSC peaks were somewhat smaller after 
*he shorter storage time. Hence, only the endotherms after 
days of storage are shown (Fig. 3). The endotherms for 
^larches from wheat, rye, normal-amylose barley and high- 
amylosc barley were bell-shaped, and that for waxy barley 
starch was sHghily bimodal. The endotherms for the three 
potato starches were all bimodal as well as those for the 
JJ^^y maize and pea starches. The mono- and bimodal 
'^tures of the retrogradation endoiherms can be related to 
differences in the quality of the recrystallized amylopectin 
Crystals, a factor which may depend on the botanical origin 



of the starch. The bimodal shape of the aforementioned 
retrogradation endotherms could also be an evidence of an 
amylopectin reorganization that takes place during the d.s.c, 
scan- Because of increased rnolecular mobility, there will be 
a chance for chain rearrangements in the amylopectin crys- 
tallites just above the onset temperature (BiHaderis et al,, 
19B6). The structure of the recrystallized amylopectin will 
approach a new equilibrium, and a fraction of the crystal- 
lites will melt at a slightly higher temperature. 

The melting enthalpy (AH 2 and A//4) of recrystallized 
amylopectin was calculated from the area of the reirograda- 
tion-related endotherm and is expressed on an amylopectin 
basis (Table 4), After storage for 2 days at 6*C the starches 
of rye and wheat exhibited the lowest AHj values (7.3 and 
8.1 J g"* amylopectin, respectively). The highest AHi 
values were obtained for the three potato starches (13.3- 
13.6 J g"* amylopectin) followed by the pea and high- 
amylose barley starches. These results confirmed earlier 
findings that amylopectins from cereals retrograde to a 
lesser extent than pea (Kalichevsky et al, 1990) and 
potato amylopecdns (Kalichevsky et al., 1990; Silverio 
et al., 1996). This has been attributed to the shoner average 
chain lengths in the cereal amylopectins (Orford et al., 1987; 
Kalichevsky et al. 1990). In contrast to their results, the 
AH2 and AHi values obtained for the pea starch were 
lower than those for the three potato searches. 

After 4 days of storage at 6**C. a similar ranking of the 
different samples as that obtained after storage for 2 days 
was observed (Table 4) but it seems that the rate of retro- 
gradation was slower for the wheat and the rye starches 
compared to the others. The varying retrogradation enthal- 
pies, determined in the present study, reflected the large 
differences between the overall quality and quantity of the 
recrystallized amylopectin in starches of different botanical 
origin. Wide-angle X-ray diffraction smdies (WAXS) of 
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cooked Starch showed a slow developmcni of the B fonii of 
ciystalhmiy (Katz. 1934), which is independent of the poly- 
morphic fonn the native starch had prior to fielaiinization 
Although retrograded amylopectin ftom different sources 
evidently shows the same B-polynjorphic crystal pattern 
other factors, such as stiuclnral differences in the Braylopec- 
lin molecule, could cause the variaUons found in the rate and 
toitent of amylppeciin reciyEtallizatjon. It is clear that high 
A«pj values resulted in high A//, and AW, values, as 
obtained for the potato siarehes, while low £JH^ values 
gave low MI:, and values, as obtained for starches 
from cereals, such as rye and wheat 

It could be expected that the three barley starches should 
retrograde to the same extent, especially since the enthalpy 
Of rettogradaiion was expressed on an amylopectin basis, 
ihe present investigation showed that the norrnaJ-amylosE 
and the waxy barley starches indeed retrograded to the same 
K- k''"' *e high-amylose barjey starch letrograded to 
a higher extent. This observation may increase the interest 
Jor high-amylose barley from a nutritional point of view. 
Retrograded waxy maize siareh has been shown to be more 
rMistant to or-ajnylase than freshly gelatinized starch 
(Eerhngen ec al.. 1994). and may partly escape digestion 



and absorption in the human small intestine. In a retro- 
gradation swdy of gels from nongranular mixtures of amy- 
lose and amylopectin in different ratios, synergistic 
interactions were seen between amylopectin and amylose 
at high amylose contents, l.e. unexpectedly high melting 
enthalpies were obtained for gels with veiy high amylose 
content (75-90%) (Gudmundsson and Eliasson. 1990). The 
possibibty of cocrysiallimion of the two polymers has been 
proposed in relation to retiogradation. when amylose is 
found in high amounts (Russell, 1987). 

Crystallization, the rate-limiting step in retrogradation. is 
a nucleation-controljed growth process, and die advantage 
of low-temperature storage is that the nucleation rate 
increases exponentially with decreasing temperature down 
to the glass transition. On the other hand, crystal growth is 
favoured at a temperature just below r„, and the rate of 
propagation also increases exponentially with increasing 
temperature up to 7-„(Slade and Uvine. 1987). The melting 
temperature range (ATj and Ar4) gives an indication of the 
quality and heterogeneity of (he recrystallized amylopectin. 
Thus, a wide melting range might imply a large amount of 
crystals of varying stability, whereas a narrow range could 
suggest crystals of a more homogeneous quality and similar 
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stability. The widest melting rangess (40,3-43,3°C) were 
obtained for the rhree potato starches (Figs, 6 and 7), indi- 
cating that a heterogeneous mixture of amylopectin crystals 
of differing stability was formed during ageing of these 
starches. Interestingly, the potato starches also exhibited 
the highest gelatinization ancl retrogradation enthalpies. 
By contrast! the potato starches showed the narrowest melt- 
ing range iAT^^ during gelatinization- During biosynthesis, 
the potato starch granules may therefore* create more homo- 
geneous crystal regions than the other starches studied. 
Fairly large melting ranges (ATj and were also 

observed for the pea and waxy maize starches. For the pea 
starch, a wide melting range (Argei) was also observed 



during gelatinization. For the remaining starches, ATj was 
22.8-30.4"C and 25.7-29.9''C. 

The onset temperature, AToj ranged from 35.4 to 40.7*C 
and ^TtxA from 35,1 to 39.6'*C. The temperatures AT^.j and 
CiT^A at peak rniaimum were 49,4-60.3 and 47.8-60, TC, 
respectively. The variation within the 70,2 and T^.^ values 
(cfl. S^C) for the various retrograded starches was fairly 
small compared to the differences among the T^^\ values 
(cfl, I6*C) for the native starches. This is probably due to the 
mechanism by which the storage temperature controls the 
melting temperature of the least stable recrystalli2ed amy* 
lopectin crystal. At a particular storage temperature, only a 
certain amount of crystals of sinailar stability is formed. The 
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^^TfiA were all Jower th^n Arg^i for each of the 10 searches 
studied and varied between L7°C for pouto Prevalent and 
19,4*C for the waxy maize. This is all in accordance with the 
theory of predicting the behaviour of recrysiallizaiion and 
mcUine of fully water-plasUcized starch gels (Slade and 
Levine, 1987). 

Amylose-Hpid complex 

A transition endotherm due lo the melting of d)e amyiose- 
lipid complex was observed for the wheat, rye and three 
barley starches (Table 2). The hiehest transition enthalpy 
(AHct) was obtained for the high-amyjose barley starch, 
while starches from the waxy barley and rye showed the 
lowest enthalpies. The melting endotherms of these cereal 
starches were related to the LAM content. Ii has been sug- 
gested that Che retarding mechanism of lipids on starch 
retrogradauon is connected to their ability of forming an 
inclusion complex with the amylosa fr^oon (Krog and 
Nybo-Jensen, 1970). The striking results obtained in the 
present invesugaiion, regarding the arayJose-Upid complex 
transitions, were that the rye starch, showing the lowest 
ability to retrograde, had the lowest value, while the 
bigh-amylose barley starch, having the highest LAM con- 
tent, exhibited a high retrogradation capacity. Despite the 
traces of LAM detected in the starches from the waxy maize 
and the high-amylopeciin potato, no melting endotherm was 
detected for these starches. This was also the case for the 
pea starch and the two remaining potato starches. The traces 
of LAM possibly present in these starches may panly 
explain their high retrogradation capability. 

The peak minimum temperature cr„) for the melting 
u^nsition ranged from 108.0 to 1]2.3**C. 

PrincipaJ component analysis-^ovcrview of the 
material 

PCA was used to visualise the variation in amylase and 
Dmylopecdn characteristics as well as in gelatinizauon and 
reirogradation propeities (Table 5). With this statistical 
method, a large number of variables ate reduced to a few 
ortliogonal variables caUed principal components (PC), 
which describe the greatest covariance in the data analysed. 
The first and the second PC,' describing 56 and 18% of the 
variance, respectively, provided an overview of the starch 
samples. The three potato starches had high positive scores 
in PCI. whereas the cereal starches, except that from the 
waxy maize, had negative scores (Fig. %a). The starches 
from rye. wheat, normal-amylose barley and high-amylose 
barley were found close to PCI, indicating little influence 
from PC2. The three high-amyJopeciin starches, had nega- 
tive scores in PC2. The pea starch had a high positive score 
in PC2. The starches from pea, waxy barley and waxy maize 
were located close to zero in PCl. 

The loading plot of the two fusi PC described 74% of the 
variance in the chemical and ihcrmo-analytjcal variables 
(Fig. 8i)). The variance explained by these two PC was 



Table 5. The dlfferfint variables examined Mih PCA 

Variable Description 



FAM 
LAM 
Ami 
AmG 

Tu 

FI 

F2 
F3 
F4 



t'ipid*rree amylase 

l*ipid-compiejccd amylosc 

Amylose conicni. iodine siaining 

Amylose conreni, GPC 

GdULinizflCicn enlhaJpy 

Oasti ifimpeRturc of Eclotinjiaiion 

Peak min, lemperarure of geJaiiniMiion 

Offici icmpcTHwre of gelariniMiion 

Temperature interval of gelaiinizarion 

Recrognidaiion enthalpy. 2 day« at e^C 

Onset icmpcrBmre of retrogradation endoiherm» 2 days ax e^C 

Vt^ min. tempcRinrc of rcimgnnJation cndoaicnn, 2 days ai 

Offiici icmpcrature of rcmognidaiion cndotlicrni, 2 days ar e^C 
Tcmperaiufe inierva] of rewogradaUon endotherm. 2 days ei 6**c 
Reirogradaiion enthalpy, 4 days at 6**C 
On*ci tonpefanire of reirogradaiioft endotherm, 4 days at 6"C 
Peak min. lereiperaiurc of reirogrtldation cndoihcrm, 4 days ai 

Offset temperature of retrogradation endoihemi. 4 days at 6*C 
Tcmperaiure interval of reim gradation endoihenn, 4 days m 
6"C 

Relative amylopectin unii-chain length disitibution. fraciion 
with longest chains 

Relative amylopectin unit-chnif) (cngth dismbution 
Relative amylopectin unit-chain length diatribuiion 
Relative amylopectin tinit-chain lengih diuiribuiion, fraca'on 
with shortest chains 

Average DP after debranching of the flmylopcctin, calculated on 
weight hq^ifi 



above 60% for all variables, except for Tg^, Tt,^^, 7o.2 and 
To.4, indicating no correlation between the latter four vari- 
ables and any other studied variable. Variables found close 
to each other in pairs or groups indicate n positive correla- 
tion. The group of variables describing DP«„ the size of the 
two amylopectin fractions consisting of long unit-chains (Fl 
and F2), A/fj, Aff^, aT^, ^7^4, T^..^ T^a. Tf,, and Tm. a^ well 
as Af/p^, confirmed previous findings that a high DP^ 
favours retragradaiion (Diford ei al.. 1987; Kalichevsky et 
al., 1990). This relationship is illustrated by the correlatior\ 
berween the sum of the amylopectin fractions Fl and F2 and 
A//^ in Fig. 9a. The loading plot also showed that E5F^ 
cDxrelaied more weakly to AH^a than to AH2 and 
even if the irtsnd was tlie same. In addition* 7^^^] and 
^mjd vere negatively correlated to the amylose content 
since these variables (AmG, Ami and FAM). were found 
on the opposite side of a diagonal (intersecting origo) in the 
plot. Fig. 9b shows the negative correlaaon between AmG 
and r„.Bci. Variables found in orthogonal directions, as indi- 
cated by the arrows in Fig. fi/>, varied independently of each 
other. Thus the amylose content and the gelatlnizalion tem- 
peratures (Tc^ch ^itksei) varied independently from variables 
describing the amylopectin unit-cUain distribution, the 
LAM content and several of the gelatinizaiion and retro- 
gradatlpn variables (Fig. &b). 

When comparing the score and loading plots (Fig. Ba.i?), 
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^f'lK ^fn ^^^^ "^'"^ loading plot of ihc principal components 1 and 2, describing the variation in chemical and ihcrmal properties 

oi me 10 starch samples. Arrows indicate main trends in correlations between the different measured variables in the studied material 



three potato starches showed high Dp„ values, laree 
Proponions of fractions Fl and F2» as well as high values 
Aif,. AH^, ATj, ^7-4, r^^. r„.4. ^2 and TtA and A/f^^. 
the other hand» ihe cereal starches wjrti a normal or high 
^ylose content, had high negative scores in PCI because 
of large fractions of F3 and F4, the presence of LAM and 
»ow values of those therm o- an ajyiical variables that were 



high for the potato starches. The negative scores in PC2 for 
the waxy maize and waxy barley starches mainly corre- 
sponded to the absence of amylose and the high gelatiniza- 
tion temperatures. The pea and the waxy maize starches had 
scores close to zero in PCI, since the chain distribution of 
their amylopectin unit-chains was in between those of the 
potato and the other starches studied. 
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m 6 C, as a funciion of the sum of amylopcctin rraciions Fl and 
F2. ib) Onsci temperature or geUUnizalion (rj as a funciion of 
ihe amylose conicni (ArnG) 

Some of the gclaiinization and retrogradation variables 
describe similar features bur were found apan in the loading 
plo^. The meltine temperacures of native and retrograded 
starches both measure the quality and heterogeneity of the 
amylopcctin crystals. For the retrograded starch, and Tf.^ 
were positively correlated lo ATa and Ar^. respectively/ 
since To.! and T^^^ were at 4 Bimilar level In all samples. A 
different pattern was four\d for native starch, where both 
T'd.ici and Ti^\ varied among the various starches, and 
their correlation to Arg^i was poor. Funhermore, the reiro- 
gradation enihajpies {IJi^ and AH^) were positively 



correlated to the melting intervals (A A and ATJ, which 
was not the case during gelatinizatjon. The main' reason 
for these -differences is probably, as already discussed in 
the starch retrogradation section, that the crystallization pro- 
cesses of biosynthesis and retrogradation are influenced by 
different factors. During retrogradation, the storage ten> 
peraturc was constant, whereas the biosynthetic pathway 
is far more cortjplcx and influenced by several other factors 
Although the results of the cherrucal analyses revealed a 
close resemblance in the amyjopectin chain length distribu- 
tion and the amylose content, the cereal starches (wheat i>e 
and , barley) with a nomial amylose content showed 
some individual variaUoas. both in gelatinizaiion and 
retrogradation properties. The differences in A^.^, were 
similar to previously published results (Kalichevsky et al 
1990; Radosta et al., 1991), One explanation of the varia- 
tions in £Ji^^ could be the differences in LAM content, if 
the formation of the amylose-Upid complex causes a reduc- 
tion in the endothermic heat flow (Eliasson, 1986). How- 
ever, in the present study the lowest AH^^ value was 
obtained for the rye starch, although the LAM content iif 
this starch was lower than that of the wheal and barley 
starches. The high-amyloBe barley had notably high retro- 
gradation enthalpifts. despite the presence of only a small 
proportion of long amylopectin unit-chains. With no anom- 
alous starch material found, one possible explanation could 
be synergistic imeractions between amylopectin and amy- 
lose at high amylase contents (Russell, 1987). Another 
reason could be the large proportion of the amylopectin 
fraction F4 (Dp < 17-8). A contradictory observation "was 
the high LAM content, which also ought to retard retrogra- 
dation. Apart from the differences in gclatinization tempera- 
tures, the high-amylopectin starches of barley and potato 
seemed to have thermal properties similar to those of their 
normal-amyiose counterparts. Similar results have been 
reported previously for barley, maize (Morrison, 1995) 
and wheat (Yasui et qI.» 1996). In products and processes 
where the amylose may have denrimental effects, the high- 
amylopectin starches should be favoured. 



CONCLUSION 

The 10 starches studied provided valuable information 
about various starch properties and characierisiics. Using 
PCA, it was possible to identify two main trends (indicated 
;by arrows in Fig. ^b) and several correlations as well as 
differences in both chemical and thermal data. One of the 
trends observed was the correlation between the amylopec- 
tin unit-chain distribution and the thermo-analyticai vari- 
ables describing the retrogradation melting intervals, peak 
minimum and offset temperatures as well as the gclatiniza- 
tion and retrogradation enthalpies. The other trend was 
the negative correlation between the amylase content and 
Ihe gelatinizaiion onset and peak minimum leroperatures of 
the 'Starches. The fact that these two correlations were 
observed in almost orthogonal directions in the loading 
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plot indicated that they described two independent features 
^\ ihc starch samples. 

The large sample diversity made evaluation rather^pom- 
piicated. Tri order to further elucidate and understand the 
liniis between. the chemical and functional properties of 
suuch. more knowledge is needed. Tlie mode and location 
of branching need to be clarified, as well as the molecular 
^-eights of the amyl<:»se and amylopectin molecules in 
order to obtain a more complcie undcrsianding of the 
siarch structure. In future investigations, new genotypes 
of existing starch-rich crops with a wide range of 
axnylosft^amylapecdn ratios may provide useful materials 
to study. 
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Molecular weights and gyration radii of amylopectins determined by 
high-performance size-exclusion chromatography equipped with 
raulti- angle laser-ligbt scattering and refractive index detectors^ 
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HIsh'perfonrBnce sizc'tucclusion chronmtQ&mphy {HPSBC) equipped with muUi-AOgle \aHeMlght Bcnttsnng (MaIXS) and refractive 
index (R!) detectors was used to determine weight-average molecular weight (A4f»} and A-uverftge rediiKt oTitynition (i2-J pramylopcctin of 
ftclccied tttorchefi. Honflca of Af^ and vnlueg of omylopecttn were 7,0 x lo''-5.7 ^ ] 0^ B^mol and 191-7^2 ivm, rtttipcc^vcly. Amytopectins 
of waxy Kiarchea had aubscanHally larger Af. than did thoee of nonxial e>Carch counterpane Based on Che dbpcraed-molcculiir deneiity tM^/ft] ), 
waxy nmyloptsctlnH displayed, in ^ereJ, larger dlfipersed-rnolecular dcnsdty Uian did norma] omylapectin coqnterparta. and amylupeetinR of 
the A'iyp<3 starches hod Sutler diBpcrfiCd-motceuler dermily dwn did dioseof the B-type alarchcs. Itieae renulm su^erilod thai amylopectins of 
waxy tilHmheK had more bmneh-chulne and no extra long chains, which reiiutccd in more denziely paclccci maleculcs (han did thotte of normal 
^rnrch vaunrerpurts. The amyJapectin of B-type titnrch had longer but fewer branch-chains, whJeh i^Hod in iimaller dlHpersed density (han 
did thcu of the A-lypc starch. and values of amyloiie isolated from amylomai^ee Vfl scorch were also dctcnnlned to be and 
43 ntn, respectively. C 2003 Elflcvler Science Ltd. All rlstits i^served. 

K^ymtnlr' AmylppecUn; Woi^^vurugc mqlDcUtor weight (A/p); ^-Avemee rudtos nf EEymllon iRzV, Mulu-ansle loADr-liBlu ucuderinp (MAUL^) 




£LS E V IE R Curbohydrwc Polyinerti 4P [imz] 307-314 



1. Introductton 

Starch is one of the moGt important blopolyraerB. There 
are two raajor components of starch: tunylopectin thai: Is a 
highly branched gigantic molecule and axnylose, a primarily 
linear molecule. Functional properties of starch are uffected 
by oioleciUor weight of arpylose and amylopecdn. Larger 
malecuiar weight CDPJ of arpyloae and amylopecdn 
resulted in higher pasting peak viscosity in wheat (Shibd- 
numa, Takeda, & Hi£ukuri» 1996) and sbbo atorches 
<T(Lkcda, Takeda, Suzuki, & Hlzukuri, |9fl9). Jane and 
Chen (1992) reported that the long branch chain-lenfilh of 
amyLopectin and the incermedinre size of amylose produced 
the greut&Gt synergistic effect on pasting vlscasity of recon- 
siiiuted starch. 



Jnumiil Paper No. J-1933S of ttio town AgHwiUara pnd Home ecoAQro- 
ici Experiment Slotlan. Ames. Iowa, Prpject No. 37J6, nnd 4Uppaned by 
Htuch Ac( and State of Iowa TuaU^ 

* Carreapandlns author. AtldraRs: Depanm«nt of Asrlculiural And 
UiavytiLcms Bn|tinecrina. CenUir for Cropq Utlllznlions Rcaenrch, Iowa 
Stnie Univcralty. Am«, lA 5001 U USA. Tel.: +1-515-294-9892; fnx: 
+ i-515'294-fil8l. 

E-mail uddrais: JjQne@laBtate.edu (J.- lane). 



Bratich structures of omylopectin molecules have been 
!!tudie4 using various chroniutographic technigueR 8uch 
gel permeation chrofnotogrophy (Cruig & Stark, 1984; Jane 
dt Chen. 1992; Wung, White, Pqllak, & Jane, 1993). high- 
performance size-ejcclu!sion chrammogniphy (Hizukud, 
1985; Ong, Jumel. Tokurczuk, Blanshard. & Harding, 
1994; Yuan, Thompson, <St Boyer, 1993), and high-perfor- 
mance anion-exchange chromatography fJane et al., 1999; 
Koizumi, Fukuda, & Hlzukuri, 1991; Wong & June. 1997). 
Deiermination of amylcvpecUn molecular weight \ji challen- 
fiing becnusB of iu gigantic moleculeii, which a:re larger than 
any other synthetic and natural polyniers. Lack uf callbra* 
tion standards causef; difficulties In determination of the 
molecular weight of timylapcctln using size-exclusion 
chromatography. 

HPSEC equipped with muUi-angU loser-lLghl scattering 
(MALLS) and refracdve index (HI) detectors has been 
applied to detehnine abKOiutc molecular weight of Ktorches 
(Aberlfi, Burcbar4. Vorwerg, & Radostn. 1994; Fishman. 
Radrlfiuez, & Chau, 1996). The MALLS detection techni- 
que combining with HPSEC is a powerftjt tool for determin- 
ing the absolute moleculur weights of such macromolecules. 
To obtain an accurate rnoleculur weight of amylopectin 
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using chjsi techmquc, complete septinition of nmylapectin 
from imiyloyc vb requircid. 

Methods used to disperse sturch molecules for chromuto- 
graphy ure eritical because enitiDgled amylosc/amylopectin 
molecules cannot be separated by SEC nnd will affect the 
molcculur weight and gynuion radius detemimed by the 
MALLS technique. It hus been reported ijiat total starch 
noiubnify increai^d with increasing proportion of amyloae 
(Jdcksion. 19913. Waxy-type starches, on the other hand, urc 
more Rusceptible ro shear-induced fragmentation Chan are 
nonnu] tfrtorches (Bello-Pfrez, Roger. Baud. Colonna, 
1998: Hansclmtinn, EhnU, & Widmer. J 995; Mniard. Dine- 
ris, Willctt. & Klavon?;, 1997). of wujty maize was 
reported to be 6.5 >c 10^ of 5.9 X 10** dcpenditiB on diaper- 
sing L'onditions (Millard ep aU 1997). Jaclojon (1991) 
:tiudied ihe extent r>r .solubility of maize searches in dimethyl 
sulfoxide (DMSOj using variotrs conditions. He canfirmed 
that maximum dlspersibility wus achieved uiiing a solution 
of 90% DMSO/10% wuter uoJution. In this study* we u.sed a 
gentle pmcedure to prepare starch dispersion in an aqueous 
solution contutning 90% DMSO and Heparaied umylopectin 
from nmylosc using an HPSEC F^ystem. Molecular weights 
nad gyration radii uf umylopdctins were determined by 
using on-line MALLS and Rl detection. Branch ^itruciures 
of omylapectin molecules were priipoHcd to expSiun the 
relationship between lite molecular weights und gyration 
rudii obtained for staa^hes of A- and B-typc polymurphisniR. 

2. Materials and methods 
2 J, Materials 

Chinese taro, mung bean, wuxy rice, sweet rice, green 
leaf canna, lotus root, water cheh'tnuu cattail millet, numial 
and waxy barley (fromDrC. W. Newman], tind waxy wheat 
(from Dr R, A. Qruybosch) aturche^ were iHutated in nur 
laboratory. Other starches were gifu from Dr A. R. BonJIla 
(green banana), Cercctar> USA (waxy, av^ and dtt waxy 
maize). National Starch and Chemical (tapioca, normal 
maize, and tunylomaize V and VII), and Lykkoby Starkeliten 
Food nnd Fiber AB (waxy potato). Norma] rice (from Moth- 
cKon Coleman and Bel), normal potato and wheat (from 
Sigma Chemical) starches were purchased. PuUulun stan- 
dards (Shodex STANDARD P'B2) yim puicUascd from 
Shown Denko fCK. (Tokyo, Japan). Isoamylose (EC 
3.2.1 .6fi) from Pseudomnnas amyhderamosa was 
purchased from Haya.shibam Biocbcm. Lab. (Qkayama, 
Japan). Deioni2ed water (lB.2Mncm) used as an eluent 
and for sample preparation was obtained from a MilH-Q 
Reagent Water System (MllHpore, Bedford* MA). OU^r 
chemicals were reagent grade and used without further treat- 
ment. 

2.2. Prepuradon of , starch acjueous dispersions for HPSEC 
Starch f 120 mg) was evenly wetted with 1.2 ml of water 



and then dispersed m 10.8 ml of dimethyl sulfoxide 
(DMSO). T|\e suspension was mecbanically stirred while 
heating in a boiling water bath for J h und then stirred for 
24 h at25''C, An aliquot (0.4 ml) of sturch dispeinion (L0%» 
w/v) was mixed with five volume of cthanol (2 ml) to preci- 
pjtaie starch. Ethanol-precipituted starch was separated by 
ccntrifugDtion at 6750 x g for 20 min. The starch pellet weis 
then redisBolved in boiling water flOmI) and stirred for 
30 min In a boiling water bath. The hot sample solution 
WOE filtered tiirongh a nylon membrane filter (S.O p.m) arid 
then iryected into an HPSEC system. The final concentra- 
tion of the starch solution filtrate injecied (100 pi) was 
0.4 mg/mL 

2.i> Mahcular weight distribution of amylopectfn 
def&mmicd by nn HPSEC-MALLS-RJ xysfem 

An HPSEC system consisted of an HP 1050 isocrutic 
pump (Hewlett Packard. Valley Forge, PA) equipped with 
an injection valve (100 p^I Humpje loop. Model 7125. Rher>- 
dyne), a muUi-angle laser-Ught-scuttering detector (Dawn 
DSP-F, Wyatt Tech. Corp., Santa Barbara, CA) witli n 
He-Ne loser source (A = 632-B nm) and a K-S Row cell, 
and an HP 1047A RI detector (Hewlett Packard, Valley 
Forge, PA). To separate amylopectin from amylose. Shodex 
OH pak KB'G guard column and KB-Q()6 und KB-S04 
nnalytical colunnns (Showa Denko ECfC. Tokyo, Japan) 
were ut^ed. The temperature of the injector and colurruis 
WOK maintained at 55.0°C using a CH-460 column heater 
and a TC-SO controUer (Eppendorf, ModLson. WI). 
Temperature of RJ detector was set at 30.0°C. The mobile 
phase wa3 disti lied -deionl zed water (18.2 MCI cm) passed 
through in-Hne membrane filters (0.2 mid 0. 1 p.m. Mtllipore, 
Bedford, MA) at a (low rate of U.7 mL/min. 

Data anaiy^s 

A pullulun standard, P-20 {M^ ~ 2,28 K lOV 5 mg/tnl), 
was U!)ed for normalization of muUiangle photodiode detec- 
tors and for determination of delay volume (0,222 ml) 
between MALLS and RI daiections. Data obtained from 
MALLS and RI detectors were analyzed using Astra Roft- 
warc (Version 4-7.07, Wyatt Technology, Sanm Barbara, 
CA). Aftt.- was calculated using the following equation: 

ATc/Rtf = l/[W«,/'(fl)] - 2A^c (1) 

where Is the excess intet^sity of Kcuttered light at angle 6, 
c the sample concentration* the weighi-nverage molecu- 
lar weight, Az a second viral coefHcient; ah optical para- 
meter equal to 4Tr-nn(dw/dL')V(A|lVA ) where /in is the solvent 
Rl and dn/dc is the Rl Increment. Nj^ Avogadro'a number 
and All is the wovelcngth of the scattered light in vacuum. 
Function PiB) describes the angular dependence of 
scattered light- Expansion of UP{$) to first order give-i: 

UPIB) = I + (|6iT-/3A^)(r5) sin='ffl/2) f/^ m'lB/2) + - - 

(2) 
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Curve tittins method in thin etudy wqb baaed on n second 
Older Bttfry itiftthod QiK^clRf^) vk. «n"(flt^)), and a second 
virial coemcienC, Ai was set ut zero (Wen. Arafcaw^ & 
Phib. ic>96; Yokoyama. Renner-Nantz, it Sboemaker, 
1998), Aiw and (equal to in Eq. (2)) values were calcu- 
lated fcnm intercept and fUope of the Eq, ( I ) by eKtrapolaling 
muUiangle Hignals to zero anfcle, respectively. The dn/dc 
value of 0.146 inUg was used in this calculation (Bello- 
P£rcz ct ul., 199R; Fishman el al„ 1996; Roect & Colonna, 
1993). 



3. Results and discussion 

Molecular weight distributions of amylopcctlos of nonrnd 
and waxy maize starches, eloLod by disci lied -deionized 
water as Ihe mobile phase and traced by an lU detector, 
are rthown us exanxples in Fie. lA and B, respectively. A 
good separation of amylopeciln from omylose was achieved 
by UKing the HPSEC system with the operating conditions 
reported in materials ord methods, which enabled us to 
conduct accurate measurements of emylopeciin molecular 
weights (Pig. lA)- Weight-average molecular weights (Mwi 



of amylopectins of difiEerent storchea, calculated using a 
second order Berry method, are shown in Table I, Molecu- 
lar weights and ayraUon mdii of amylopectins obtained in 
this study were larger than those reported ia other studies 
(Aberie at al.. 1994; Fishman et oj., 1996). Differencejj 
between ihc&e results and others can be attributed to the 
methods of preparing filorch dispersions, MUlord ct al. 
(1997) reported that methods used to prepare starch disper- 
sion significanlly affected molecular weight dotcrminatioa. 
Using a mild condition, such on direct disperaion in 90% 
DMSO» they reported Mw of waxy maize starch to be 
7.5 X 10^ g/mol, which was in pgreeraent with our result 
(S,3 X 10" g/raol). Millard, Wolf, Dinzis. and WiUou 
(19991 diBpersed starch in 90% DMSO and compared the 
Afw of waxy maize starch obtained from siaLic light scatter- 
ing with thai obtained from analytical ultracentrifugation. In 
iheir study, the Mw analyzed by latter method (5 .93 x I Q g/ 
mol), calculated using the Svedberg equotion, was In good 
ogreemfint with the light scattering result (5.60 >! 10 g/ 
mol). The same authors also reported Rr value (342 nm) 
for waxy rrvaize starch, which was comparable to Ri 
(372 nm) calculated from our result. 

Another important factor affecting molecular ^veighi 
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Amylopecfin mdkcular weifihta and syrarlon rodii of ftclocicd finuctusii 
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calculalion is the data fieu'np method. Yokoyuma et al. 
(199B) applied three diffcreni methods (Berry, 1966; 
Debye, 1947; Zimm, 1948) to analyze and R^. The 
authors found c^ar che calculoted by the Zimm method 
WAS significantly larger ll\nii that calculated by Berry ond 
Debyc methods. The Zinnm method can yield unreasonable 
results (Aberle ct al.* 1994), but the Berry method ib demon- 
strated to deienniae Afw of larger molecules with groacer 
Bccuraey (Hanselmann et aU 1995). ThuB. we choBc the 
Becond order Berry method (Millard el al., 1997) for our 
study. The second-order Berry method gave a good curve 
fitting with laser signals obtEtined al different angles as 
shown in amylopectin of sweet rice stnrch Qt che peak of 
the Rl signal (Fig. 2). 

Among the of the amylopectins reported in Table 1, 
amylopectins of waxy ^torches consfiruinily displnyed larger 
Afar than did those of normal starch counterparts. Carbon 
flux at H form of ADP-^lc (ade no iiine-5 '-diphosphate 
glticose) Is partitioned between amylase and amylopectln 
in normal starch biosynthesis. Granule-bound starch 
synthn&e I (OBSSt) is prlmikiily involved in amyloRe 
biosytitheals of starch (BuUon* Colonnu. Plaochot, & Boll, 
1998; Smith, Denyer, & Martin, 1997). In Wipty mutants, 
GBSSI is missing and no amylase is Bynthesized. It is 
plausible that ADP-Qlc is exclusively mcoTpornted into 
amylopscUn molecules reKuUing in amylopectln molecules 
with larger in waxy mntantii. Carbon partitioning could 
also explain substantially Gmoller Af» of amylopeciins of 
amytomaize V and Vn than those of normal nnd ae wx 
maize. Amylomnize VU han been reported to hnve Icisb 
amylopectin of ituge molecular weight than does normal 
maize amylopectin XTevealcd by HPSBC (Tulceda. Takeda. 
& Hizukuri, 1993). Fiahman et ai. (1996) al.w found, in the 
analysis of waxy, normaU amylomuize V, and amylomaize 
vn starches, that the molecular weight of amylopectin 
decreased with die increase in the amyloce content in 
maize starch. It can also be postulated chat space llmitaclon 
in the normal starch gnmuld because of the presenci> of ca, 
25% by mass of amy lose molcL-ules results in smaller My, of 
nonmal amylopectin. 



3.00x1 OV 




0.4 0.^ 
fl|n'(LhBlB/a) 



1.D 



Fib. 2. Ughi icattorinB dniii plol (^(K'c/Hn) va. iIn'((V2|) of swce( rice Eimylcipeciin al the peak cDfinrnuntion baaecf an i\\c second iifdcf Bcm^ metlicui. Three 
cic(eciun al ihe jowc&r angle were noi uicd for the curve RcUrie. 
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FlQ, X neiDtinnfihipii of nmylDpeciinB between ihe wdubi-awniBo maleculur wdghi tM^-) ami z-flvcrnfiu nidiuBDrEyraEion (#?=). Dmn ura pkmed on Lne-Lofl 
ecftla: A'typo 0-iypo (0|; C-iype waxy A-lype (■); wnity B-iype {♦) omylopBcilnK; fflycopsn (O). Tint imenr rejtrcwJion line on rtw» gr»ph comprianR 
(trnn of A-iype unylupectlQ. 



The Afw of amylopectins iGolaCed from A-typc atarchea 
varied to a larger range (0-7-56.8 x 10**> moo did those 
isolated froni B-iypc smrches CI .7-3.4 x 10"). Many amylo- 
pectinB of A-type atnicbes bad larger Af^ thm did thoac of 
B-typc aiarchoa. Amylopecilns of B-iype Btorchcs also had 
larger than did those of A-type stpichea havinc compar- 
able molecular weights (Fig. 3). Becouae is related to the 
volume occupied by Che imleculc in a soiucion (Miilard el 
al.. 1997), the branch chain-lenfitb ood branching pHttem of 
the Amylapectin niojecule oro expected to affect the R^ of 
amylopoctin in the st»mtion. Glycogen, being highly 
branched and compoct moleculeA, displayed a substantially 



larger disper^ed-moleculor denaity (p = MJrI) than did 
tunylopectin (Table 1), 

When the log R^ was plotted against log M»f of amylopcc- 
tin (Fig. 3). A-type starchcH aho'wcd a linear rclatsonfihip 
with a slope of 0.334 and a corrclaiian coefflclent of r — 
0.9B (P<0.05), The strong linear relaiionship between 
lag Ri and log was lilcely due lo similar branching fitruc- 
turcR of umylopectins among A-type siarcheES. The slope 
(0.334] indicated that the A-type omylopeotinji huve highly 
compact spherical forms (Wyatt, 1993). Datu of the B-type 
amylopectin^, however, did not give a linear rBlationfihip, 
which could be attributed to differences in branch structures 



(a) 



I.l nni , ^ A 



63 nm 



(to) 

7.4 am 



9.0 1 



Pis- A, Strurtufc lAodoU of uniyiopctcilnfl of a, norranl mnizu (AHypc) unU b. qmylpmuiw VU iB-type) MtvfcbcH. A und C i^iond for ine (wimrplujus nucl 
cryiiinUlnD regions, rcspeclivcly. ^ rcpomlnfi dUianct of 9.0 nm for U»o pIubiw ( JcnWnn^l pI,. I'JM^ Jonklnn & CktnnW, lOOS) luid A:B chnlp roHo of 1 .7; \ < Yum 
& ^fat^B|»on, 1993) for both BtarcliiaB arc uticd for fhe Tnofiela. Avarnac bntnch chaln-lenaihs of normal maidtz and unylnmaizc VH omylapecLlnfi atc 24 and 3 U 
respectively (Jont el til., l9dD). 
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Of B-typc amylopectins. Low deasity of dispersed B-cypc 
timy]opectin mpleculea could resuJt in undefined coTiforma- 
tlon in oqUBOUS salutioxiB. 

Most arnylopectins of wuty srwchca displayed lurger 
dispersed-molecular denBitiee than thoae of normal starch 
counterparts (Table 1). Ttic difference might be attributed to 
extra-lang chains of amylopectinG. Exira-lang chains 
(ELC), braftch-<baina that hflve amictures resembling 
wnyloB© (DF/'JO or larger) and usiny few branches, were 
found in nortnal amylDpectin but not in waxy amylopoctin 
CTakedB & Hizukuri, i9fl7; Tokeda, Shitoozono, & Hiiu- 
Iniri, 1988; Yao Sc Jane, submitted). Hie presence of ELC 
that carry few branches in normaJ amyiapeciin is likely to 
decrease Ihe dippersed-molecijlar UensUy of normal amylo- 
pectin. The BLCs that carry few branches can also contri- 
bute to the smaller Af^ of nonnnl atnylopeciin. Two A-type 
amylopectins thai displayed smaller dispersed-moleculur 
dcnsities were Chinese toro and tapioca; both arc rooi 
starches. 

Molecular densities of dispersed B-type amylopectins 
wore all smaller than those of the A-type amylopectins 
except ae wx amylopectin CTable I). Amylopectins of B- 
type atarches comprise longer branch-chains and larger 
proportions of long B chains than do those of the A-iype 
starches (Hizulcnrl> 1996; Jane ei a\., 1999; Takeda el al- 
1993), Hizufcuri (1985) reported a ratio of short chains to 
long chains of normal maize amylopecdn to be JO, which 
was at least three times larger than the ratio (3) for amylo- 
maize amylopectin. Differences in branch structures 
between the A-type atvd the B-type starches were proposed 
by Jane. Wong, and McPhcrson. tl997). They suggest that 
there ore more branches in A-type amylopectins and 
brunch linkages of Ihe A-type amylopectin are scattered 
Qnd located both in the amorphous and the crystalline 
regions, whereas there are fewer branches in the B-type 



amylopectins end moat branch linkage^! are clustered in the 
amorphous region. 

The differences in the molecular weight, gyration radiu^i, 
and dispersed-molecular density oF the A- and B-type 
amylopectin can be explained by molecular structures of 
the respective molecules. Structtiral models constructed 
using parameters of repeating distonce of 9.0 nm (Jenkins 
& Donald, 1995; Jenkins, Cameron, & Donald, 1993), A/B 
chain ratio of U2:l (Yun & MaibeBon. 1993), and the chain- 
length distribution and molar chain ratio (Jane el al„ 1999) 
for both normal maize (A-typc) and amylomuize Vll (B- 
typc) amylopectins are shown in Fig. 4. Amylomaize VII 
has much longer exterior chnins <Cheetham & Tpd, 1997; 
Takedu et al., 1993) and larger long-chuin/shurt-chuin ratios 
(Hi2iikuri, 1985; Jane et al. 1999) than does nonTiul maize. 
The alructurc models clearly domonairate the larger 
disparsed-moleculor density of the A-iypc amylopectin 
dian that of the B-type, 

It was difficult to calmluic and R~ of amyloBc by using 
the same on-line HPSEC^MALUS-Rl system. With the 
sample concentration of 0.4 ms/ml used In this Hludy auid 
umylooe molecules being higlily polydiNpersed, we couid 
not pbtain sufficient lawir-jight scattering signals to calcu- 
late molecular weight distributions of umylose of most 
starch samples. We could, however, determine M, and Rz 
of amylose of amylomaize VH that contained uboul 70% of 
apparent amylose. The wDighl-tiverage molecular weight 
and z-overoge radius of gynuion C^r) of amylose of 
amylomaize VII were 2.8 x ]0* and 43 nm, respectively. 
The molecular weight was similar lo the (1 .8 X 10 ) of 
amylase calculated by Fishmnn ot al. (1996) using HPSEC- 
vlscometry (Rahman & Hoaglandi 1994). Suonti, Goren- 
Btcin, and Roger (1998) rcponed ihc of amylose to be 
4-0-5,0 X I Dousing laser-light scattering technique. Tiia 
molecular weight distribution of amylomaize VII is shown 



02-MRT. ' 04(DIN) 09:07 



P. 024 



S.-H. Yoii, /-/. Jane / Carha)} 

in Fig. 5. The weighl-uver«ge moleculflr wtighl of amylose 
wns ciilculated by using tarsi order Zimm meihod. The 
amyloses of umylomuize V and VII have been reported to 
hnve ihii snmllsKt molcL-uluf weights mnong all starches 
studied (Hlzukun, 1996; June & Chen. 19^2). 



4. Conclusion 

Molecular weights IM^) of umylopecilnB varied from 
7.0 X 10 lo 5.7 X I O''. depending on the botanical Bourcc. 
Amylopeccinti of \vuxy KCtirchcs hnd larger molecular 
weights, and most hud lurgtir diiipersed-molecuiur densities 
than did tho.se of normal Jimylopectin connterpwts. The A/u. 
of A-iype amylopeciins vuned to a larger ronge (7.0 X lO'' to 
5.7X10) than did thai of B-typc umylopectins (J.7- 
3.4 X 10 ). At the Kamc molecular weight, amylopectina of 
B-typc siiirches had larger R, than did those of A-type 
sinrchcs. Dift'ereni bmneh jsiructures of amylopectiua of A- 
nnd B-iype sturehes resulted ir) difTcrtsnt disperKed-molecu- 
lar deaMitics in dilute solutionH. The Mm and of amylose 
from amylomaize VII were 2.8 x lO** und 43 nm, reJtpcc- 
livcly. 
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Starch is synthesized by higher plants in nature and is 
produced as scjni ciystaJllne granules. Starch granules 
consist of highly branched amylopectin molecules with 
their external branch chains folded in double helical crys- 
talline structure and primarily linear amylOfie molecules 
present in amorphous form. Consequently, waxy starch 
that consists of pure amylopectin displays a greater degree 
of crystallinity than the normal Atarch counterpart that 
consists of aboiit 25% amylose. Because of the partially 
crystalline scrucmire, starch gnuiuied are insoluble in water 
at leroperatures below the gelatinizadon temperoture of 
the starch.'^ Under a polarized light microscope, starch 
granules diaplay Maltese-cross patterns, indicating radial 
fiirangements of amylose and amylopectin molecules in 
the granule. Amylose and amylopectin molecules in the 
granule are synthesized by apposition and oriented per- 
pendicular to the surface of starch granules. 

MeUiiive loeaHons of amylase attd amylopecHrt moh- 
cutes in Ihe starch granule^ 

To investigate if aruylose molecules are interspersed 
among amylopectin molcctiles or ore present In bundles, 
chemical cross-linking reactions were applied to intact na- 
tive starch grmules. Results of the crosR-linking reaction 
studies show ftiat amylose nK>lecuIes are cross-Ualced onto 
amylopectin molecules and amylopectin molecules are 
also cross-lin^d among themselves. No cross-links arc 
found, however, between amylose molecules.^ These re- 
sults indicate that amylose molecules are interspersed 
among amylopectin instead of being present in bundles, as 
speculated for amylose based on its escaping from braiK:b- 
ing enzyme reactions. The fact that amylose and amy- 
lopectin molecules are interspersed in the granule and 
amylose is not subjected to the branching enzyme teac- 
tioni the mechanism can now be explained on the basis 
that the two molecules are synthesized side by side by 
two different starch synthases, granular bound siarch syn- 
thase** and soluble siarch synthasc^^' respectively.* 



• Correfipondins nulhpr fFel. + I -.1 15-29^-9892, Frx. + I-S 15- 



Is ihe internal siruHt4re of the starch granule homo* 
geaeous ? 

To find out if structures and compositions of amylose 
and amylopectin ate the same through out the granule 
(e.ff., at the hilum and on the periphery), which are syn- 
thesized at different time order, Jane and Shen** peeled 
starch grarmles by layers to determine die structure at dif- 
ferent radial locatiorts. The authors used a surfece gelatini- 
zation technique by treating native starch granules with 
saturated neutral salt solution, such as UCl and CaCb. for 
different time periods to achieve different surface gelatlni- 
zation percentages. Using this method. June and Shen"' 
and Pan and Jane"' reported that amylose is more concen- 
trated on the periphery of the stanch granule than at the 
core of the granule. This is consistent with the observa- 
tion that starch granules of larger sizeg (more mature) 
contain more amylose than do those of smaller sizes,** 
Branch chains of amylopectin molecules that are located 
at the core (around the hilum) of the granule are longer 
than that of the amylopectin located on the periphery. 
Scanning electron micrographs of the renmining starch 
granules after a substantiol portion (up to 80%) of surface 
starch has been gelatinized and rernoved show that starch 
molecules around the hUum are in loosely pocked amor- 
phous structures.*"* 

Branch structures of amytapectUi: How do they differ 
between the A- and the B'-type crystalline starches 7 
It is well established that the branch chain lengths dif- 
fer between the A-type and the B-type crystalline 
starches;'** starch with longer branch chains displays the B- 
type X-ray diffraction pattern and that with shorter chains 
displays the A-pattem, Nnegeli dextrlns prepared by an 
extensive acid hydrolysis of various native starch granules 
also show different structures. Naegeli dextrins of 
starches that display the 3-type crystalline pattern consiKi 
-of mostly linear chains (with a peak DP 13) and few 
branched chains (peak DP -^25), Whereas, Naegeli dex- 
trins of the A crystalline-type stanches corusist of a large 
proportion of singly branctwil chains with a peak DP 25/^* 
The authors interpret the results as that the amylopectin 
branch linkages of the B crystattine-type starches are 
more clustered and are located mostly in the amorphous 
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region of the Binylopectin molecule. Thus, the branch 
linkages are readily suscepdble xo acid hydroiysis and are 
mostly lost during ihe acid hydrolysis. In contrary, the 
amylopectin brtinch linkages of the A crystelJine-type 
Rlarches arc scattered in both the amorphous and the crys' 
lalluie ragion. Those branch linkages located in the crys- 
wllinc region are protected from acid hydrolysis, and thus 
are preserved after the extensive acid treatments. 

These proposed structures are in agreement with well- 
known fact« that the A crystallinc-iype smrches possceb 
more shon branch-chains and are more easily digestible 
by amyJases than the B crystaliine-type starches (Fig. J). 
The proposed Ktrucwres show ;hai the B ciystalline-typc 
starches consist of double helices of branch chains that 
are more orderly aligned in the granule, and thus, ihey are 
more resistant to enzyme hydrolysis. The B crystalline- 
type starch granules te^.. potato) have a smooth surface 
without visible pinholes. This is atuributed to the lact of 
weak points in the starch Btnicture. The A crystalline-type 
starches are easily hydrolyzed by amylases, and the starch 
granules frequcntty display pinholes."^ Animal-feeding 
sn^dics ufiing maize mutant starches of isogenic back- 
ground also confirmed thai starches consisting of shorter 
amylopectin branch chains, such as susory~2 maize 
starch, and ictarches of Utttc or no amyloso, such as waxy 
maize siarch, are more eaiiily digestible than the normal 
starch counter parL'^* 



Molecular weights and structures of amylopectin 
molecules of different origins. 

Recent .studies using high-performance size-exclUBion 
chromatography have shown that ainylopectin moleculca 
of waxy starches display larger molecular weights th(in 
those of the normal starch counter parts.""' Amylapectin 
moleculefi of the B cryfiialline-type starches, in general, 
have smaller molecular weights and Icssfrr densities of 
dispersed molecules than that of the A ciysialline-typu 
crystalline-starcbes (Table 1 and Fig. 2)/** The differences 
can be attributed to the following factors:'***' 

1) The carbon flux of stwch biosynthesis excluaively 
goes to amylopectin in waxy starch, but a portion (-^25 
%) of carbon flux goes to the biosynthesis of amylase in 
normal starch. 

2) The A crystalHne-type starch amylopectin consists of 
more short branch chains, which makes the molecules 
denser at the dispersed form. The: B crystalline-type amy- 
lopectin carries less Bl chains, but mono long chains thai 
increase the gyration radius and result in lesser density of 
dispersed molecules. 

3) NonnaJ maize* barley, wheat, and other cereal amy- 
lopectin molecules cany extra-long branch chains/*-''' but 
waxy amylopecdn counterparts do not. The extra-long, 
amylose-likc chains do not carry many other bnmcb 
chains like a normal amylopectin bnmch chain and, thus, 
can reduce the n>o]ecul«r weight and the dispersed den- 
sity. 
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Fig. 1. RclntivB enzyme digcsiibiliiy nf wlecicd granulHT smrches (uncooked) of differeni crystnllinc siriiciiirci. 

The IfiUer nbove cucU hnr indicates Ihc lypc of crystal lip ity of ihe sujrch. Pominfc pancrratic ^»-iimy|n5c (120 U/2Q mg Ktsiirh in 9 mL 
phosphutc burrer. pH 6.9) wqj used for ihe Kiudy, and the enzyme reaction wrtti camcU ovii ai 37'C for 2^ h* The perceniufie cmy^\c hydroly- 
sis wuA deicmiinisd by measuring tlie local cnrbohyd^i^^c conicni in the supcmaitmi using phcnol-sulfuric ucid mciliod. 
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T^blc I. Amylapectin molcculfir wejgMs and gyrtnion radii of ec- 
Iccvcd Blanches." 
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286 


(29) 


8.3 


Clycogen 










Cyamohactoial 
alycogon'* 


0.2 


(0.0) 


55 


( 4) 


99.2 



•'Data wcrt! averages of «t least two replicatu. *'WeiBht-avem^ 
molecular weight * VAvcrir: tadlus of gyration. *'f>ensity C p )=Mw/ 
"Standard devifttion. "Glycogen wns itiolated from Synecho- 
cy$rU sp. PCC$8Q3 In ow latemtory. 



Structural differences between the large and the small 
starch granules: IJqw are they synthesized ? 
Barley and whem starchcB are known to have two dis- 
linct groups of etaxch granules wich cjifferent gniBule 
Kizes: diameters of 15-32 /xm for the barley large granule 
fitarcb and 2"3 fim for the small granules (Figs. 3a, 
3b and 3c). The iHrge» A, granules display a disk shape! 
whereas the small, B, graoulfis display spherical and ir- 
regular shapes. Both the large and small granule starches 
possess Ihe A-lype X-ray diffraction putlein. It has beaa 
reported by nuxnerous researchers that the B granules dis- 
play a higher gelatinizatioij lempcracure (ca. 5'*C at peak) 
than do the A gmnulee (Table 2). Atnylopectin molecular 
weights of the A and the B granules are 1.2 X 10* Da and 
2,8 X 10* Da, respecdvejy. Branch chain lengih distribu- 
tions of the barley B starch granules showed more short 
chains (DP &-I2, 25.0%) and teser B2 chains (DP 25- 
36, 14.7%) than did the A starch granules (22,6 and 




OOhroogm 



Ftg.2, 



Log Mw 

Relatlonshlpc beiween iho wflifihi-avcr^ mnlccular 
woijsht (A/w) and z-avcnge radius of gyration (JfU) of aniy- 
lopectinit. 

Dai« are plotted on Uaa-Lofl rale. The linear regresBion line on 
the graph comprises data of A ciyitalUnc-mic anjylopeciio from 
Ror. 16). 



Barley siarcb Barley A- type starch Bwley B- type starch 

FIb- 3. Scanning eleciron mlcrDgraphs of a) native, b) large granule and c) imall granule barley siaich. 



Table 2. Gelatlnlzaiion propenie^ of barley ciarcheai." 



Sample 




PeaV 1 


ni 






Peak 11 








7u 




Tc 




Tu 






A//(J/s) 


Borley 

Barley A type 
^urtcy B type 


57-9 ±0.3 
S7.0±0.l 
58.2=b0.2 


62.6±0.1 
6|J±0-4 
66.3 ±0.4 


67.9 ±0.2 
66.4 ±a4 
73.6 ±0.6 


12.6 ±0.3 
12.2 ±0.7 
l2.7±l-2 


94.1 ±0.2 
94,1 ±0.4 
94,4 ±1,2 


99.5 ±QJi 
99.S±0.4 
IQ|.9±I.2 


(03.3±0.3 
I03.4±D.7 
I09.2±l.7 


Q.9±0.l 
0.9 ±0.2 
2-1 ±0.2 



'•*7i>. 7p and Tc— onset, pcuk and conclMHon tcmppraturafi CO of cndaihfcrm. d^f— enthalpy change of gelaunlifltion and mcltinfi of 
amyloBc-lipid complex. Values nrc mcqniSD. '-Celntinizuiion. *'McUinff of « my lose- lipid complex. 
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c) 
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Fig, 4, Hign-porfbrmancc aniOMichange cbrnmajogrBms of debranch^ amyJopectin of a) large (A) granule barley ttorch b) smBlJ fB^ 
prtnule bflfJcy aunrh, ami c) diRfcrenUal hisKignim bclween B and A craniUcs. ^ . w 

pcwneo^ d^fl^ (WABclS^^'JS?' column, weawd with on-line nnorloBluccwidw, and dciccied by pulitod wn- 

)7,1%, respectivejy) (Fig- 4 oncl Table 3). The fuel that 
the large (A) gnmules consist Df more long branch chain 
and lesser short chmns than the small (B) Branules but 
display a lower gelatiiuzatlon tatnperanire contradicts the 
current undemanding of the reJationaWp belwecn branch 
chain length, and gelatinization temperature. For woai 
starches itivefltigated, a fitarch that possesses more short 
branch-chains and less long bmnch-cbains displays a 
lower geJatinization temperature/''™ The histograms of 
branch chain length distributions of the two stanzhes also 
showed that the A granule starch had a more distinct 
shDUlder at DP 17-22. A differential histogram between 
ihe B- granule starch and the A granule elarch (Fig, 4c) 
showed that the B grunule starch consisted of more 
branch chains of DP 6-12 and DP 16-21 but lesser chains 
of DP 22-38 than the A granule starch. Results from our 
previous studies indicate that a siarch possessing leaser 
brpnch chains of DP 17-22 displays a lower gelaiinization 
temperature.-'* This is attributed lo the fact thai the chain 
Jength of DP 17-22 is equivalent to the full length of the 
crystalline rceion of the amylopectin molecules. A starch 
that consists of fewer chains of the full length results in 






Fig, 5, proposed granular and molecular strvciurcK nr snuill imd 
Inrgc granule bnrlcy srerch. 

The eronular stmciunM sre constaicicd on (he bftslfi of pol«ri/cd 
optical map of eoch utarch flranulc proposed by the laie Professor 
DcJiitrr French (Ref 23). 
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TuWe a, Branch chain-Jengrh distributions of amylopecUnfi 






S ample 




Peak DP 






Distribution (%) 








r 


n 


DP 6-9 


DP 6-12 


DP 13-24 


DP 25-36 


DP >37 


flailcy 

Barley A-rypc 
Bartcy B-lype 


12 
12 
12 


A6 
46 
44 


4^±0.0 
5,7 ±0.0 


23.7 ±0.7 
22.6±0.1 
2S,0±0.I 


50.J±1.2 
50.9 ±0.2 
50.9±0-2 


J 64 ±0.2 
17.1 ±0.1 
14.7 ±0.2 


9.8 ±2.02 
9.3 ±0.4 
9.5±0,2 




fie- <i- Scanning cicctrtm microgr^phB of fitarch graniilM ot difTofoni wg\OT\s of b com kernel. 
Micrf^Hhs A-D ehow the Hiarch granules located in each of the refilonft aiaiUd on (he kcmo!. 



dcfecUvc ciystals and lowers ihe gejaiinzaiion Usmpcm- 
turc. 

Based on polarized optical map studies, arrange/ncniB 
of starch molecules in the disV-shaped granujes were pro- 
posed.''* In Q disk shaped granule, the majority of amy- 
lupectin molecules are oriented peipcndicuJar to the flat 
surface of the granule. Thus, those molecules are paniUel 
to one another. In a spherical granule, however, amy- 
lopectin molecules are oriented radially, which may give 
the molecules space to carry more shon branch chains 
than those jn the diak-«haped granule (Fig. 5). 

Peng et qL^ reported that fractjnnaied large A granules 
of wheat starch consist of proteins that have molecular 
weights of 140 and 145 Da. These proteins are less or not 
found in the Kmull B granule fraction. The authors desig- 
nate the proteins as a starch branching enzyme Ic 
(SBElc), The authors propose lhat the SflElc is miHSing 
in the B granule and that prohibits the further develop- 
ment of the hmall. B granules to large, A granules. It will 
be intriguing to investigate if the SBElc is responsible for 
synthesizing the larger proponion of DP 22-38 chains in 
large granules, h is also inieresting to invcstignte if the 
larger proportion of DP 22-38 chains and a lesser number 
of short A and Bl chains make the amylopeciin molecules 
fits better to the parallel amingement of amylopectin 
molecules for ihc di.*;k-shapcd A granules. 



What b thf namrc 0/ pinholes on the surface of 
starch granules f 

Pinholes ane commonly found on the granule surface of 
A-iyped crystailine starches. Kuch hh maize, sorghum, but 
not on the B-typed crysuilUne starches, such as the pomuj. 
It hm been postulated that pinholes arc die results of cn- 
zyino degradation of Rtarch- A rtsccnt study using scanning 
electron microscopy has shown lhat maize ktsmels, at a 
dormant state, display significant enzyme attack on starch, 
particularly at die nsgion of the germ. SEM micrographs 
of starch granules at different region of a kernel are 
shown in Rg. 6. These results suggest that starch is hy- 
droiyzed by enzymes to produce energy for seed germina- 
tion even at the dormant state. The enzyme ropction is the 
most active around the region of the germ. Starch gran- 
ules widi pinholes may be isolated from the region around 
the germ of the seed. 
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